The second striking similarity between these earlier terminations is that the methane 7 record does not exhibit the oscillatory behaviour that is apparent in TI, but rather displays 8 a single rapid jump (vertical tie-bars in Fig. 1a ) late in the termination (which we 9 associate with a resumption of overturning). In each case this methane jump coincides Atlantic and suggested that the qualitative differences between recent terminations may 28 result from modest differences in the rate of deglaciation. 29
It has recently been suggested that the suppression of DO events (which would cool 1 Antarctica) enables terminations to progress unchecked (Wolff et al, 2009 ). Here we 2 propose, following Ganopolski and Roche (2009) , that if the AMOC remains weakened 3 throughout the termination the system will progress to a WPT state. Furthermore, we 4
propose the WPT may eventually lead to partial collapse of the WAIS, leading to further 5 warming. Thus although the radiative forcing due to Northern Hemisphere ice sheets and 6 greenhouse gases was similar to preindustrial in the each of the last three interglacials, 7 weakened overturning together with potential WAIS retreat lead to conditions in 8
Antarctica during the early stages of these interglacials which were significantly warmer 9 than modern. The resumption of overturning, associated with the cessation of 10 deglaciation meltwater, subsequently cools Antarctica to conditions that are comparable 11 to present day. 12 In order to examine the temporal history of Northern Hemisphere meltwater feedbacks on 13 Antarctic climate, and evaluate the modelling and boundary condition uncertainty, we 14 have performed three sets of experiments. The approach, building on Holden et al (2010) , 15 is designed to allow for the uncertainty that arises from structural error, the irreducible 16 error that remains when the "best" parameters are applied to a model (Rougier 2007 iii) Three equilibrium simulations with HadCM3 at 130,000 BP, performed to investigate 6 the robustness of the conclusions derived from GENIE-1, in particular with respect to its 7 simplified atmosphere and snow models. The 800 kyr simulations (experimental set-up described in Section 2. In both GENIE-1 experiments, changing atmospheric CO 2 is prescribed from ice core 10 records (Luethi et al 2008). Other greenhouse gases are neglected. We apply the orbital 11 forcing of Berger (1978 This assumption leads to minimum sea-levels at 433 kyr BP that are 6m lower than at the 3
LGM. We note that the only effects of sea-level change represented in GENIE-1 are on 4 ocean salinity (and other ocean tracers when applicable). 5
Changing ice volume is translated into meltwater fluxes at each grid cell, routed to the LPC parameter set, which varies 26 parameters over wide ranges (see Table 1 ii) E NFW which neglects the role of meltwater (FFX=0 in all ensemble members), and 7
iii) E WAIS which is identical to E FW except that the WAIS is replaced with land at sea forcing). We note the generally good agreement with both sets of observational data, with 10 the exception of the marked failure to predict the existence of Antarctic WPTs. A similar 11 discrepancy is not apparent in the North Atlantic record and we infer that WPTs are likely 12 driven by an absent Southern Hemisphere forcing. MIS 7 is particularly interesting in this 13 regard as the δ 18 O record suggest that substantial Northern Hemisphere ice sheets 14 remained in place during this interglacial, so that temperatures ~2ºC higher than 15 preindustrial again suggest the WPT warming was localised to the Southern Hemisphere. 16
For completeness we note that orbitally-forced summer warming is simulated at high 17 northern latitudes during the Eemian, with maximum summer warming (averaged over all 18 grid points north of 62ºN) peaking at 3.5ºC in 126,000 BP. 19 The first plot in Fig. 1c is the 350 kyr DOME F temperature record, reconstructed from 20 δ 18 O and δD isotopic records, correcting for vapour source temperature and seawater 21 isotopic composition variations (Kawamura et al 2007). DOME F was chosen as it lies 22 south of the Atlantic (77ºS, 39ºE) and may be expected to be more strongly influenced by 23 AMOC changes than DOME C (75ºS, 123ºE). In addition to the WPTs, and the warm 24 spike in the early Holocene, three interstadials at DOME F are warmer than preindustrial 25 at 317, 218 and 200 kyr BP. These three interstadials are observed to be at least ~1ºC 26 cooler than preindustrial at DOME C (Fig. 1b) , though we note that these apparent 27 temperature differences between DOME C and DOME F may alternatively reflect spatial 28 variations in the seasonality of precipitation in a warm Antarctica (Sime et al, 2009 ).1 temperature when meltwater is imposed) are plotted in Fig. 1c and reflect the impact of 2 meltwater on ocean circulation and heat transport. The SAT meltwater anomaly displays 3 the millennial variability apparent in observations; the SST meltwater anomaly exhibits a 4 similar temporal behaviour, though variability is suppressed by high-latitude sea ice 5 during glacial periods. The SST meltwater spikes coincide very closely with spikes in 6 isotope-inferred temperature. Late Pleistocene LR04 age-model uncertainty (the age 7 model which defines the meltwater timing through the gradient of the benthic δ 18 O) is 8 estimated at 4 kyr (Lisiecki and Raymo, 2005). 9
The timing of large scale meltwater spikes reflects large changes in δ 18 O and is likely to 10 be robust (though subject to the aforementioned age-model uncertainties). However, this 11
is not the case with respect to the detail and timing of the millennial variability, including 12 that which is simulated during terminations. These features arise from variability in the SAT cooling of ~1ºC that occurs at the end of each termination (Fig 1c) SAT rise) is insufficient to explain the observed warmings of ~4ºC above present (Fig.  5   1b) . Quantification of the discrepancy requires an assessment of modelling uncertainities; 6
we apply an ensemble methodology to ascertain the most probable model response and 7 quantify uncertainty. 8
The 480 meltwater-forced ensemble members E FW universally exhibited weakened 9 overturning during the termination (average weakening at 128,000 BP of 9±5 Sv with 10 respect to preindustrial). Antarctic SAT at 128,000 BP is >0.5ºC warmer than 11 preindustrial in 110 of these simulations, all of which exhibited a collapse of overturning 12 (peak overturning <6 Sv north of 44ºN), demonstrating that AMOC collapse is required 13 for significant Antarctic warming in GENIE-1. We confine analysis to the 174 parameter 14 sets with maximum overturning <6 Sv to quantify the range of response. 15 to an equilibrium ensemble E PI forced with preindustrial boundary conditions. In the 11 absence of meltwater forcing (Fig. 4b) , East Antarctic SAT is 1.0±0.6ºC cooler than 12 preindustrial (despite slightly higher atmospheric CO 2 concentrations of ~285ppm). This 13 reflects a combination of global cooling due to the inferred remnant of the Laurentide ice 14 sheet (which may be overstated in Antarctica due to the over-diffusive atmosphere) and 15 lower Antarctic summer insolation; a single 800 kyr transient simulation forced only with 16 orbital changes predicts annually averaged Antarctic temperatures 0.6ºC below 17 preindustrial at this time (ice sheets and atmospheric CO 2 fixed at glacial conditions 18 throughout). Meltwater forcing (Fig. 4c) increases East Antarctic SAT by 1.6±1.0°C (to 19 0.5±1.0°C warmer than preindustrial). In these simulations, the bipolar warming of 20 Antarctica peaks in the Atlantic sector (i.e. in the vicinity of the forcing), with maximum 21 warming at ~15°E (Fig 4c) , in the approximate vicinity of DOME F. This is qualitatively 22 consistent with observations which indicate that interstadial temperatures may have been 23 higher at DOME F than at DOME C. The removal of WAIS (Fig. 4d) SAT under the three forcing scenarios. We do not regard WAIS retreat early in the 30 termination as realistic; in the absence of a dynamic ice-sheet model we have simplyassumed WAIS is absent throughout the E WAIS run, so the temporal behaviour would 1 more reasonably be described by a transition from the E FW ensemble towards the E WAIS 2 ensemble (implying a warming rate greater than either ensemble and hence closer to 3 observations). Maximum overturning is also illustrated. In contrast to paleoclimatic 4 evidence suggesting that glacial (LGM) overturning was weaker than today ( 
HadCM3 Eemian simulations 28
In order to investigate the robustness of the GENIE-1 ensembles, in particular with regard 29 to the simplified atmosphere and snow models, we performed four equilibrium HadCM3simulations. Hosing induces AMOC collapse and results in statistically significant 1 warming of ~0.2-0.5ºC in summer (DJF) SST in the Weddell and Ross Seas (Fig. 5a) , 2 accompanied by a reduction in Antarctic summer sea-ice extent and depth. A multi-model 3 hosing ensemble (0.1 Sv, modern boundary conditions), performed to investigate inter-4 model uncertainty in response to hosing, also simulated warming in the Weddell Sea, 5 apparently a consequence of enhanced deep convection and reduced sea ice (Stouffer et al 6 2006) . 7
In the absence of meltwater and ice-sheet forcing (Fig. 5b) HadCM3 fails to predict 8 significant Antarctic SAT increase, though orbitally-forced summer warming of 3.0ºC is 9 simulated in Greenland. With freshwater hosing, precipitation-weighted SAT (Fig. 5c)  10 increases by 2.2ºC at DOME F and 1.4ºC at DOME C, supporting GENIE-1 (annual-11 average East Antarctic warming of 1.6±1.0°C). This warming is achieved after ~100 12 years of the 200 year simulation. The removal of WAIS (Fig. 5d ) increases the 13 precipitation-weighted SAT anomaly to 4.9ºC at DOME F and to 5.0ºC at DOME C. HadCM3, together enable us to postulate that by including processes represented in both 27 models and accounting for the statistical distribution of responses we could explain both 28 the timing and magnitude of observations through the introduction of meltwater forcing 29 during terminations, likely amplified by feedbacks resulting from WAIS retreat, though atpresent we are not able to achieve this in a single model. Although the tails of both 1 meltwater-forced ensemble distributions (G FW and G WAIS ) encompass observed WPT 2 warming, reconciliation of data and modelling can only be readily achieved under the 3 assumption of WAIS retreat. The combination of freshwater hosing and WAIS forcing 4 produces precipitation-weighted temperatures ~5ºC above preindustrial in HadCM3. This 5 warming arises from the combined effects of increased East Antarctic temperature and 6 summer precipitation. We do not conclude that complete WAIS retreat is necessary to 7 explain the model-data discrepancy, but have applied the extreme boundary conditions of 8 modern and absent WAIS to span the possible range of the forcing associated with this 9 feedback. We are not aware of other potential feedbacks that might explain ~4ºC 10 warming across East Antarctica. 
